We demonstrate a three-dimensional direct-write lithography system capable of writing deeply buried, localized index structures into diffusion-mediated photopolymer. The system is similar to that used for femtosecond writing in glass, but has a number of advantages including greater flexibility in the writing media and the ability to use low power, inexpensive, continuous-wave lasers. This system writes index structures both parallel and perpendicular to the writing beam in different types of photopolymers, providing control over the feature size and shape. We demonstrate that this system can be used to create single-mode waveguides that are deeply embedded in the photopolymer medium.
Introduction
The field of direct-write lithography in glass with femtosecond lasers has seen many advances in recent years, growing rapidly since the first index structures were written in 1996. 1 Since then, researchers have demonstrated waveguides, written both parallel and perpendicular to the writing light, 2, 3 and beam shaping to make perpendicular waveguides with symmetric profiles. 4 Other demonstrations take advantage of the full three-dimensional (3D) capabilities of the direct-write system to create a 1 ϫ 3 splitter, 5 a threewaveguide directional coupler, and a microring resonator. 6 We demonstrate that low power, inexpensive, continuous-wave (cw) lasers can write similar 3D index structures into thick, diffusion-mediated photopolymers. This system has two advantages over both direct-write into glass and other polymer waveguide systems: greater writing flexibility and the potential to integrate complicated optical circuitry.
Photopolymers have low optical absorption and scatter, as well as good phase uniformity. 7 Commercially available photopolymers optimized for holographic storage also have less than 0.1% shrinkage during writing, can be cast to thicknesses of greater than 1 mm, and have very high sensitivity to writing light. 8, 9 Waveguides are created in these materials by locally exposing them to light. This causes polymerization and diffusion of low molecular-weight species, which in turn creates a permanent local index change. Photopolymers have been used extensively for twodimensional (2D) waveguides with traditional mask lithography as well as direct-write lithography and have been shown to be reliable and environmentally stable. 7,10 -13 Other techniques extend polymer waveguides into 3D to create more complicated optical systems. DuPont has demonstrated multilayer, 3D structures by layering thin materials created through traditional mask lithography. 7 These structures can have either gradient or step index profiles transversely in each layer depending on the method of exposure, but the index changes are always discrete in the third dimension due to layering. Precise alignment of multiple layers is difficult, and structures are confined to stay within each layer, which prevents the system from having complete 3D freedom. Layering has been demonstrated with more 3D flexibility through the use of vertical power splitters to connect the individual layers. 14 Direct-write lithography techniques have also fabricated 3D polymer microstructures using two-photon initiation in order to fabricate features that are smaller than those possible with single photon initiation. 15, 16 Another method to achieve 3D waveguides in photopolymers is to embed fibers directly into the mate-rial and write the waveguide with light guided by the fiber itself. Optical elements are relatively easy to embed in the polymer, as it is initially a liquid that can encapsulate the optical components. The polymer is then cured to a semisolid state with either light or heat activation, holding the components in place, but still permitting photoinitiated index structures in the material. Waveguides in photopolymer have been created by embedding the tip of a fiber into the material, then letting light from the fiber "self-write" a waveguide into the polymer by locally polymerizing the material, thus creating a weak lens, and propagating light through the material in a solitonlike fashion. 17 This technique has limited control over the shape and direction of the resulting waveguides, and single-mode operation has not yet been demonstrated over a significant distance, though this method has been used to demonstrate multimode, bidirectional communication by embedding a wavelength division multiplexing filter into the waveguide path. 18 We propose and demonstrate a new method of creating waveguides in diffusion-mediated photopolymer via a direct-write lithography system. A laser of a wavelength that initiates polymerization is tightly focused into the bulk of a photopolymer sample, and the sample is translated either perpendicular or parallel to the propagation of the writing beam, creating a line of index change in the material as shown in Fig.  1 . Unlike femtosecond writing in glass, in which the index change is a strongly nonlinear function of intensity, the photopolymer responds with an index change nearly proportional to the time integral of the writing intensity, creating gradient index structures that resemble the intensity profile of the writing beam. The index structures are thus confined in depth in the polymer, and so this method can be used to write arbitrary 3D index structures with minimum feature sizes given by the scale of the writing focus. We characterize the response of the material to the writing light and demonstrate that this system can be used to create single-mode waveguides. The index changes are of the order of 10 Ϫ4 and 10 Ϫ3 with writing powers of 1-30 W, and larger index changes should be possible with higher writing intensity.
Direct-Write Method
Typical diffusion-mediated photopolymers optimized for holographic storage are composed of an initiator that absorbs a fraction of the incident light to form radicals and a monomer that polymerizes when it connects with the radicals. When exposed to light of the appropriate wavelength, polymerization is locally initiated in the volume where the light hits the material. As the monomer is consumed to form polymer chains, additional monomer diffuses into the light exposure region, where it is polymerized to the growing polymer chains, resulting in areas of higher density. The change in density creates a change of refractive index in the material only in the 3D volume where it was exposed. Once the desired index change is achieved, the photopolymer is exposed to uniform, incoherent light, causing the entire sample to uniformly polymerize without diffusion. This process leaves the index change intact and the material insensitive to further light exposure. The complete bleaching of the initiator also leaves the material transparent, minimizing absorption loss. Photopolymers are more sensitive to the incident illumination than glass, and so we can create continuous index structures using very low intensities with inexpensive, low-power lasers instead of high-power pulsed lasers. The cw nature of the laser results in low scatter loss due to the smoothly varying index structure and enables fast writing speeds that have been demonstrated up to 20 m͞s. 19 The large linear sensitivity of materials optimized for holographic storage also allows for the use of interference or mask lithography to record volume holograms or other large-area index structures. By changing the shape, power, and speed of the writing beam, we can adiabatically taper waveguides or other gradient index structures written in the material. By coupling this writing flexibility with the ability to embed optical elements in the material, photopolymers have the potential for hybrid integrated optical circuits that would incorporate many different types of materials and systems in a single package. 20 Commercially available photopolymer systems are optimized for low diffraction efficiency hologram recording for optical data storage. 8, 9 The photopolymers are designed to create index changes that are linearly proportional to the energy deposited in the material by the incident light. However, for the high intensities and localized energy densities used in the directwrite system, the response of the material may be different. It is common to describe the response of the photopolymer to incident light by assuming that the index change is proportional to I ␣ , where I is the writing intensity and ␣ is the single fit parameter for the index change. 21 For a simple, radical initiated photopolymer, ␣ ϭ ½, while cationic initiated polymers have ␣ ϭ 1. Many systems have more complicated processes that result in a value of ␣ between ½ and 1. A two-photon initiator can be used to give an ␣ ϭ 2 response in a linear material. In bulk photopolymerization, ␣ Ͻ 1 is primarily manifested as a reduction in sensitivity as writing intensity is increased. In the case of holography, ␣ 1 also results in the formation of second-and higher-order gratings that are not Bragg matched and thus do not contribute to diffraction efficiency. 22 
A. Perpendicular Writing
Let us first consider how the parameter ␣ applies to index structures written transversely in the photopolymer. Physically, the writing process involves focusing a laser beam with a Gaussian profile into the bulk of a photopolymer slab. The polymer is then moved transversely relative to the focused light at some fixed velocity, v, and the index change along a line in the material depends on the integration of the intensity of the beam along that line. According to our simple one-parameter model, the index change, ␦n, will thus be given by
where v is the linear velocity of the polymer sample with respect to the focused beam, 2d is the distance the polymer sample is moved in the x direction, and I is the incident intensity profile, which for a Gaussian beam is
where z 0 is the Rayleigh range, P is the incident power, and w 0 is the 1͞e 2 intensity radius at the focus. The polymer is moved a distance that is large in comparison to the Gaussian beam radius at this z plane, and so we may approximate d Х ϱ. Integrating over this distance traveled in the x direction, the index change becomes
The resulting index structure is continuous in x and is parameterized by the variable ␣, which can be adjusted to describe the effective response of the photopolymer to the highly localized energy densities used in this system. Figure 2 shows that as ␣ is increased from 0.5 to 2.0, the index structure varies from a state with no confinement of the refractive index change in z to a full width half-maximum (FWHM) of approximately 1.5 z 0 in the z direction. Index structures written into a material with a linear response, ␣ ϭ 1, would have a FWHM of 3.4 z 0 . Therefore, in order to create small, cylindrically symmetric waveguides that support cylindrically symmetric modes, values of ␣ Ն 1 are desirable. As shown in Fig.  2 , even for a linear material, where ␣ ϭ 1, the feature size in z is longer than the depth of focus of the writing beam due to the translation of the beam transversely through the material and integration of the intensity. Writing in glass with femtosecond lasers also tends to create features with a similar stretching in z, due to self-focusing of the writing beam during the writing process. 2 The photopolymer can potentially avoid self-focusing problems since the index response is delayed due to diffusion.
B. Parallel Writing
The direct-write lithography system can also be used to write waveguides that are parallel to the propagation of the writing beam. Unlike those written perpendicular to the writing beam, these index structures are naturally cylindrically symmetric due to the cylindrically symmetric profile of the Gaussian beam. The index structure created in the photopolymer is again an integral of the Gaussian beam intensity, this time along the z axis:
This integral does not have a simple, closed form solution, but numerical integration demonstrates the effect of ␣ on the shape and size of the resulting index structure when integrating over distances that are large in comparison to the Rayleigh range of the beam, so that d Х ϱ. Figure 3 shows the cross sections of this cylindrically symmetric index structure for values of ␣ between 0.5 and 2. As before, the resulting index structure is significantly more confined for higher values of ␣, and for parallel writing, there is no radial confinement for ␣ ϭ 0.5. There are advantages and drawbacks to each writing method. When writing parallel to the direction of propagation of the beam, the writing beam travels through a greater, variable thickness of polymer than when writing perpendicular. Due to absorption of the writing light in the material, typically Ͻ10% per millimeter of thickness, this will result in a tapered waveguide unless the speed or power of the beam is varied during the writing process. However, an index structure written in this way will be naturally cylindrically symmetric, which matches well to a singlemode fiber. On the other hand, moving the part perpendicular to the writing beam results in an index structure than is not cylindrically symmetric, as seen in Fig. 2 , though this can be compensated with beam shaping of the writing laser. 4 This method of writing is all done at a single depth of about 0.5 mm into the photopolymer, and so absorption is not an issue. Writing perpendicular to the incident beam is also more generally applicable for interconnection of hybrid encapsulated components, and the length and path of the waveguide is limited only by the capabilities of the translation stage. Both methods have the potential to write 3D cylindrically symmetric, uniform single-mode waveguides. Figure 4 shows the read͞write system for creating 3D index structures in photopolymer. For the experiments described here, we use radical-initiated InPhase Technologies Tapestry holgraphic data storage (HDS) 3000 media and cationic-initiated Aprilis, Inc., holographic media card (HMC) media that are both photoinitiated with 532 nm light. 9, 10, 23, 24 Because these photopolymers are relatively insensitive at 633 nm, a He-Ne laser is used to implement a nondestructive, scanning confocal microscope. 25 The red light is collimated and aligned with the write laser and then focused into the material. Light that is reflected back from that focus will propagate back through the system, reflect off of both beam splitters, focus through the pinhole, and be detected by the photodetector. Any reflections outside the depth of focus of the focused beam will be blocked by the pinhole in front of the photodetector. By scanning the sample and observing the output of the confocal system, we can detect the air͞glass and glass͞polymer boundaries to determine the exact position of the sample relative to the beam focus. Motorized stages use these measurements at three transverse locations to automatically and precisely align the polymer sample orthogonal to the optical axis. Using the read͞write system, we can write index lines anywhere in the depth of the photopolymer and either parallel or perpendicular to the writing beam propagation.
Experiment
A frequency-doubled Nd:YAG laser at 532 nm is focused into the polymer with the same objective used for the red confocal alignment system. Index structures are optically ruled by focusing the green laser into the center of the photopolymer and translating the material through the beam to draw index lines. Each line is written by opening the electronic shutter in the path of the green beam, moving the stages to translate the polymer, and closing the shutter at the end of each line, so that the green light initiates the polymer only where the index lines are being written. The writing power for all data presented in this report is measured before the focusing objective, and the translation speed of the stages during the writing process is 2 mm͞s. This writing speed is not fundamentally limited by the photopolymer, but rather by the current set of motorized stages. Index structures have been written in cationic photopolymer at speeds up to 20 m͞s. 13 Because the laser used in this system is cw, there is no need to write slowly in order to integrate over many pulses to make the features smooth. The index change is inherently smooth, both along the line because we are using cw lasers, and transversely because the index is the integral of a Gaussian beam. Waveguides made with this system should consequently have low side wall scattering loss and low dispersion.
A. Perpendicular Writing
The perpendicular writing system focuses light into the photopolymer using a 0.55 N.A. molded asphere corrected for spherical aberration at a depth of 1.2 mm. The system operates at 0.3 N.A. to avoid the need for active spherical aberration correction over the 1 mm polymer depth. At the focus, the 1͞e 2 intensity radius is w 0 ϭ 0.75 m, verified with a knifeedge test where the razor blade was embedded in the center of the polymer to measure the size and diffraction quality of the beam at the depth in the material where the index structures are written. The writing power for all index structures written perpendicular to the writing beam is 1 W. The resulting index structures have peak index changes of the order of 10 Ϫ4 at this power. Index changes have also been measured of the order of 10 Ϫ3 for higher writing powers, which is comparable to those created in glass with femtosecond lasers, but the polymer system requires significantly lower energy. Once the index structures are written, the photopolymer is exposed to uniform, incoherent light to fully cure the sample and leave the material insensitive to further light exposure.
After curing the sample, a differential interference contrast (DIC) microscope is used to image the phase structures. 26 Figure 5 (a) shows a top DIC view of a set of lines written perpendicular to the writing beam. Each dark line in the image represents a uniform line of high index gradient, and these lines are spaced 35 m apart. The index features are much thicker in depth than the microscope depth of field, and so planes out of the best focal plane are blurred and added in this image, making it inappropriate for quantitative measurements of the transverse dimensions of the index features. To get an accurate measurement of the transverse, y and z, dimensions of the index lines, the samples must be thinner than the microscope depth of field. For an approximately 1 m resolution using a DIC microscope, the cross sectional slices of the photopolymer need to have thicknesses of the order of 10 m. The photopolymer has a firm, rubbery consistency that makes it difficult to cut into thin sections. By freezing the sample in a cryostat to Ϫ20°C before microtoming, the polymer can more easily be cut into 10-30 m thick cross sections. We then use an index matching fluid and cover slip to eliminate noise in the images due to knife striations on the sample. These cross sectional samples show the index change versus y and z as shown in Fig. 5(b) . The index structures are uniform in the x axis as shown in the top view, and clearly localized in the y and z axes. The z axis of the index structure is longer, as predicted above, because this axis corresponds to the depth of focus of the writing beam in the material, while the transverse, y, axis corresponds to the diameter of the focus of the beam.
The shape and size of the index structures written in the photopolymer depend strongly on the chemical composition of the photopolymer media used. To demonstrate this, we write index structures in two different types of photopolymer media, shown in Fig. 6 . The first material [ Fig. 6(a) ] uses a radical initiator, and an approximate fit to the index structure shows a response of ␣ Х 0.75 at the intensities used in this experiment. The second material [ Fig. 6(b) ] is a cationic initiated photopolymer. This material has more linear response and thus has index features with much better axial confinement. The images shown in Fig. 6 are differential phase images, and so we cannot directly compare cross sections, but the different materials show very different responses to the incident light, which allows for control over the shape and size of the structures written in photopolymers.
B. Parallel Writing
Index structures are also written into the radical initiated InPhase Technologies photopolymer media by moving the material parallel to the writing beam. Using Eq. 4 with the response measured above of ␣ Х 0.75, we select a set of system parameters to give index structures approximately 10 m in diameter with an index change that would create a single-mode waveguide for 633 nm. The direct-write system is the same as described above, but uses an achromatic doublet lens operating at 0.11 N.A. to focus light into the photopolymer for both the confocal detection and writing systems. There is no need for spherical aberration correction at such a low N.A., even through 1 cm of photopolymer. At the focus, the 1͞e 2 intensity radius is calculated to be w 0 ϭ 1.7 m. The index structures are written into a 10 mm ϫ 10 mm ϫ 45 mm photopolymer sample. The shutter opens when the focus of the green writing laser is just outside the far side of the sample and the sample is moved along the axis of the beam away from the focusing lens. When the focus of the writing beam has traveled through the entire sample and is just outside the front surface of the sample, the shutter closes. The resulting structures are 10 mm in length. The index lines are written using 30 W of power, and the sample is moved at 2 mm͞s. Once the index structures are written, the sample is exposed to uniform, incoherent light to fully cure the material.
Because the green writing laser must travel through 10 mm of photopolymer to reach the back of the sample and is absorbed by the material, less light reaches the back of the sample than the front. The material used in this experiment has approximately 8% absorption per millimeter, which results in approximately 43% transmission through a 10 mm thick sample. Therefore, parallel written index structures are tapered with a higher index change in the front of the sample than in the back. Varying the speed or intensity of the beam during writing could be used to control the waveguide taper.
The parallel written index structures are microtomed as before to 10 m thick samples and are imaged using a DIC microscope. The resulting structures, in this case 100 m apart, are shown in Fig. 7 . This is an image of the gradient of the index change where the gradient is along the x axis. The index structures are very cylindrically symmetric as expected and are approximately 10 m in diameter as designed. These index lines support single-mode waveguide operation along the length of the 10 mm index structures for 633 nm light. The output N.A. of the waveguide is measured to be 0.03. This N.A. is related to index change by NA ϭ ͱ n core 2 Ϫ n cladding 2 ,
where n core and n cladding are the indices of the core and the cladding, respectively. The background index of the fully cured polymer is measured with a refractometer to be 1.481. Therefore, the peak index change is approximately 3 ϫ 10
Ϫ4
. This is consistent with single-mode waveguide operation in a 10 m guide at 633 nm.
Conclusions
We have demonstrated a direct-write lithography system capable of writing index structures in diffusion-mediated photopolymer that are confined transversely and longitudinally with respect to the writing beam. These structures can be created at any depth within the volume of the photopolymer and have peak index changes of the order of 10 Ϫ3 when written with powers of the order of 10 W at a speed of 2 mm͞s. This index change is not a fundamental limit of the materials used, and larger index changes should be possible with greater writing intensity. We show sufficient index change and control over the index structures to create single-mode waveguides. Our direct-write lithography system is similar to that used for writing waveguides in glass with femtosecond lasers, but we can use inexpensive cw lasers for writing, have greater flexibility in the types of index structures written in the material, and have additional flexibility in the shape and size of the index structures through modifications in the types of photopolymer used. Fig. 7 . DIC images of index structures written parallel to the writing beam. This sample is 10 m thick and is imaged using a 0.5 N.A., 20ϫ objective.
